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Abstract Diurnal variability of ocean CO, system variables is poorly constrained. Here, this variability
and its drivers are assessed using 3-h observations collected over 8-140 months at 37 stations located

in diverse marine environments. Extreme diurnal variability, that is, when the daily amplitude exceeds

the 99 percentile of diurnal variability, is comparable in magnitude to the seasonal amplitude and can
surpass projected changes in mean states of pCO, and [H*] over the twenty-first century. At coastal

sites and near coral reefs, extremes in diurnal amplitudes reach 187 + 85 and 149 + 106 patm for pCO,,
0.21 = 0.08 and 0.11 % 0.07 for pH, and 1.2 = 0.5 and 0.8 * 0.4 for Q,,,, respectively. Extreme diurnal
variability is weaker in the open ocean, but still reaches 47 + 18 patm for pCO,, 0.04 + 0.01 for pH, and
0.25 = 0.11 for Q,,e. Diurnal variability of the ocean CO, system is considerable and likely to respond to
increasing CO,. Therefore, it should be represented in Earth system models.

Plain Language Summary Our understanding of how ocean pH and related chemical
variables vary during the day (known as diurnal variability) is not well established. Here, we use a recent
data set of such observations collected every 3 h during 8-140 months from 37 buoys located across

the oceans to assess these diurnal variations and what drives them. In extreme cases, observed changes
over 24 h were found to be greater than those observed between seasons. Diurnal variations in these
chemical variables are particularly large in coastal waters and near coral reefs and are not negligible
further offshore. Along with the more gradual, long-term acidification of the ocean from atmospheric CO,
increases year after year, diurnal and seasonal variability of ocean chemistry is also expected to change
dramatically. Understanding how this diurnal variability will change in the future is important because it
modulates the levels of acidification experienced by marine organisms from long-term yearly changes.

1. Introduction
1.1. Climatic Change and Ocean Acidification

The human and environmental impact of climate change is a consequence of changes in both mean cli-
mate and low probability, high intensity climatic extreme events. Observations over land indicate broad
evidence of increasing heat waves (Pachauri et al., 2014) and intensifying maximum daily precipitation
(O'Gorman, 2015). Extremes in both precipitation (Palmer & Réisidnen, 2002) and temperature (Meehl & Te-
baldi, 2004) are projected to increase throughout the 21* century. In the ocean, assessment of extremes has
focused on marine heat waves, their increased frequency during the last 30 years, and their projected dra-
matic increase during this century (Frélicher et al., 2018; Hobday et al., 2016). In contrast, extremes in ocean
CO, system variables on similarly short timescales are only beginning to be assessed (Burger et al., 2020)
although changes in their mean states and seasonal variations are well understood. Here, to bridge the time
gap, we have assessed observed diurnal variability of ocean CO, system variables, comparing its drivers to
those of seasonal variability. This assessment offers a first step to provide a benchmark for the long-term
goal of including diurnal variability of ocean CO, system variables in Earth system models, as needed to
make projections of ocean acidification more relevant to critical timescales that affect marine organisms.
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Rising concentrations of CO, in the atmosphere result in gradual ocean acidification (Caldeira & Wick-
ett, 2003; Orr et al., 2005) leading to a lower capacity for seawater to buffer changes in CO, system varia-
bles (Feely et al., 2004; Gattuso & Hansson, 2011). The global average pH of the open ocean is estimated
to have decreased by 0.018 per decade over 1991-2011 (Lauvset et al., 2015), with open-ocean time series
stations showing declines of 0.017-0.027 per decade in the last 15-30 years (Bates et al., 2014; Bindoff
et al., 2019). Earth system models (ESM) project that by the end of the 21* century, the global-mean pH
will decrease by 0.16-0.44 (low and high-emissions scenarios SSP1-2.6 and SSP5-8.5, respectively), relative
to 1870-1899 values (Kwiatkowski et al., 2020). These changes and related changes in other CO, system
variables may adversely affect marine organisms. For instance, it is thought that protein synthesis (Lan-
genbuch et al., 2006), olfactory discrimination (Munday et al., 2009), and predator-prey responses (Watson
et al., 2017) may be sensitive to increases in pCO, and hydrogen ion concentration [H*] in fish and marine
invertebrates although some of these sensitivities have been recently questioned (Clark et al., 2020). Or-
ganisms that construct shells and skeletons of calcium carbonate (CaCOs) may be particularly sensitive
(Kroeker et al., 2010). Chemical conditions relevant to calcification have been expressed in terms of the cal-
cium carbonate saturation state (Q2). This coefficient is specific to the calcite or aragonite calcium carbonate
polymorph formed: Qurag/caic = [Ca2+][C032_]/KSp, where Ky, is the apparent solubility product of calcite or
aragonite, and the numerator is the product of the in situ calcium and carbonate ion concentrations. The
formation of CaCOs is favored at higher Q values, with many studies showing that declines in species-spe-
cific and ecosystem-level calcification are correlated with decreasing Q,,; (Albright et al., 2016, 2018; Chan
& Connolly, 2013; Kroeker et al., 2010).

1.2. Acidification Variability and Extremes

Natural variability of ocean CO, system variables is partly driven by biological processes, such as photo-
synthesis-respiration and CaCOj; calcification-dissolution (Schulz & Riebesell, 2013). In the coastal ocean
in particular, CO, system variables are influenced by seasonal processes such as changes in temperature,
seasonal upwelling of CO,-rich waters, freshwater discharge, and biological activity (e.g., Hauri et al., 2009;
Salisbury et al., 2008; Thomsen et al., 2010). The combination of these biological and physical drivers can
result in large seasonal changes in carbonate chemistry. For instance in a 1-year study in the Aegean Sea,
where blooms are limited by oligotrophic conditions, winter and summer pCO, differed by up to 208 patm
(Gonzalez-Davila et al., 2016). Autonomous surface buoys deployed over 8-140 months have also detected
seasonal pCO, amplitudes (winter-summer differences) of up to 330 patm in coastal environments and up
to 70 patm in the open ocean (Shadwick et al., 2015; Sutton et al., 2019). Coastal sites monitored over several
years reveal pH differences of up to 1.2 within a single month, with the most extreme values of pH exhibit-
ing large interannual variability (e.g., Dorey et al., 2013; Pecquet et al., 2017).

While seasonal and interannual variations are relatively well characterized, diurnal variations in CO, sys-
tem variables are less so because they require high-frequency measurements. However, it is known that
diurnal pCO, variability is thermally driven in the open-ocean Sargasso Sea, with typical diurnal amplitudes
of 5-25 patm and an extreme amplitude of 50 uatm observed during a hurricane (Bates et al., 1998). Fur-
thermore, higher diurnal amplitudes for pCO, (100-500 patm) and pH (0.2-0.5) have been recorded near
benthic ecosystems such as coral reefs (Drupp et al., 2013; Koweek et al., 2015; Shamberger et al., 2011), kelp
forests (Murie & Bourdeau, 2020), and seagrasses (Berg et al., 2019), particularly in shallow waters, where
the ratio between benthic biomass and overlying seawater volume is enhanced (Hofmann et al., 2011; Page
et al., 2019).

1.3. Changing Seawater Chemistry Variability

Observations show that, on average, the amplitude of the seasonal cycle of surface ocean pCO, has in-
creased by about 2 patm per decade from 1982 to 2015 (Landschiitzer et al., 2018), with ESMs projecting
a 1.5 to 3-fold amplification of the seasonal amplitude of pCO, over the twenty-first century under the
RCP8.5 high-end emissions scenario (Gallego et al., 2018; McNeil & Sasse, 2016). Similar amplification is
projected for the seasonal amplitude of the hydrogen ion concentration [H*] but not for that of pH (—16%),
the change in which represents a proportional change in [H*] seasonal amplitude relative to the annual
mean state of [H*], the latter of which increases even faster than the former (Kwiatkowski et al., 2020;
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Kwiatkowski & Orr, 2018). There is also a projected decline in the seasonal amplitude of surface ocean
Qarg (—9%). These different responses result from varying sensitivities of these variables to atmospheric
CO, (Hagens & Middelburg, 2016a) and from climate change, which drives diverging trends in the seasonal
extremes of the principal controlling variables (temperature, DIC, and At; Kwiatkowski & Orr, 2018). Diur-
nal variability of ocean CO, system variables also appears to be greatly affected by increasing atmospheric
CO,, as suggested by data from shallow CO, vents (Kerrison et al., 2011), where background pCO, levels
approach those expected for the global average late in the twenty-first century under the RCP8.5 scenario
(Kwiatkowski & Orr, 2018). Hence, there is need to characterize these diurnal variations across the ocean
and assess how they will be affected by ocean carbon uptake and climate change.

Changes in the seasonality of ocean CO, system variables may modify the response of marine organisms
to ocean acidification. Seasonal variations affect the timing of thresholds such as when Q transitions from
supersaturated to undersaturated conditions (Gruber et al., 2012; McNeil & Matear, 2008; Sasse et al., 2015).
They also affect the intensity of biological impacts, with recent perturbation studies indicating that chem-
ical variability on hourly timescales may increase the metabolic costs of acidification in molluscs (Mangan
et al., 2017) and echinoderms (Small et al., 2016). Given that hourly variability of ocean CO, system vari-
ables can have ecosystem-level implications (e.g., affect coral reef calcification rates; Albright et al., 2016,
2018), characterizing the magnitude of diurnal CO, system variability and how it might change in the future
may be critical to projecting the biological impacts of ocean acidification.

Here, we use a new collection of 3-h observations from 37 stations across multiple ocean basins (Sutton
et al., 2019) to assess the diurnal variability of surface ocean pCO,, pH, [H*], and Qurag. We evaluate the
processes that control this variability across different ecosystem types, comparing extremes in diurnal vari-
ability to mean diurnal and seasonal variability.

2. Methods and Data
2.1. Data

The in situ observational database used here is that from Sutton et al. (2019). We assess data from 37 fixed
station time series across four ocean basins (26 in the Pacific, 9 in the Atlantic, 1 in the Indian, and 1 in the
Southern Ocean). These stations are spread among three types of ecosystems (16 in the open ocean, 11 in
the coastal ocean, and 10 near coral reefs) as indicated in Figure 1. Station bottom depths are >1,000 m for
open-ocean stations, 16-780 m for coastal stations, and 3-23 m for coral reef stations (Table S2).

For each station, we used observations of sea surface temperature (7), salinity (S), CO, partial pressure
(pCO,), and where available, pH. The observational methodology is fully described by Sutton et al., (2014).
In brief, T and S were collected at approximately 0.5 m using a Sea-Bird Electronics 16plus V2 SeaCAT or
a SBE 37 MicroCAT sensor. The pH measurements were made with either a spectrophotometric Sunburst
SAMI-pH sensor (Seidel et al., 2008) or an ion sensitive field effect transistor (SeaFET) pH sensor (Bresna-
han et al., 2014; Martz et al., 2010), with an associated uncertainty of <0.02 pH units. The mole fraction
of CO, (xCO,) is measured at ~0.5 m with an automated equilibrator-based gas collection system and an
infrared gas analyzer (LI-820, LI-COR™). Seawater pCO, is then calculated with respect to standard oper-
ating procedures (Dickson et al., 2007; Weiss, 1974), with uncertainty of <2 patm (Sutton et al., 2014). The
combined set of time series span from 2004 to 2017 although the duration at any station varies between 8
and 140 months.

2.2. Reconstruction of pH Data and Carbonate Chemistry Calculations

Despite extensive pCO, observations, simultaneous pH measurements across the stations were limited, with
only 18 stations providing more than 100 pH measurements (Table S1). Thus we reconstructed pH at all
37 stations from pCO,, Ar, S, and T. Ar was reconstructed from T and S, using region-specific empirical
relationships from Lee et al., (2006). This approach was chosen for its computational efficiency and general
applicability. Comparison of results to those made with the same approach but with a regionally specific
algorithm (Xue et al., 2016) were found to have limited impact on the resulting pH (e.g., a root mean square
difference of 0.01 pH units between the two algorithms at Gray's Reef station). We then calculated pH and
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Figure 1. The peak-to-peak amplitudes of mean and extreme diurnal pCO, variability (uatm) (a) globally, (b) in the
eastern Pacific, (c) in Hawaii, and (d) in Bermuda. Circle size indicates the mean amplitude of the diurnal variability
of pCO, at a given station, while the interior color indicates the mean amplitude of extreme diurnal variability (99™
percentile days). The exterior line color of circles indicates the station type (open ocean, coastal, or coral reef).

Qarg from Ar and measured pCO,, T, and S (available at all 37 stations) using CO2SYS-MATLAB (van Heu-
ven et al., 2011) and the constants recommended for best practices (Dickson et al., 2007; Orr et al., 2015).
For input, these calculations also included total dissolved inorganic phosphorus and total dissolved silicon
concentrations taken from the nearest grid cell of the annual-mean World Ocean Atlas climatology (Garcia
et al., 2013).

Reconstructed pH was compared to in situ pH measurements at the 18 stations that had sufficient data with
a focus on mean values and diurnal and seasonal variability (Table S1, Figures S6-S7). There is generally
good agreement between the reconstructed and measured diurnal cycles of pH and [H*] across stations
(Figure S7), an indication that the reconstructed At was not strongly influenced by localized biology that is
uncorrelated with physical changes. The average root mean square error (RMSE) between observed and re-
constructed pH was 0.024 (Table S1), while the largest RMSE values were at the Stratus (0.0656) and Iceland
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(0.0558) stations. The multi-station mean correlation between observed and reconstructed pH is 7* = 0.82,
while 15 out of 18 stations have an * > 0.6 (Table S1). Thus, the pH calculated from measured pCO, and
reconstructed Ar appears adequate for this assessment of diurnal and seasonal variability. This finding is
in agreement with previous studies that have assessed the same station data for seasonal variability (e.g.,
Sutton et al., 2016) and can be attributed to several factors: (1) At all stations, use of the pCO,-At pair means
that propagated uncertainties for calculated pH, [H*], and Q,,, are dominated by uncertainties in pCO,
with uncertainties in Ar having relatively little effect (Orr et al., 2018); (2) At the coral reef stations, the
impact of net ecosystem calcification on surface ocean Ar is typically small with measured values similar to
those of nearby open-ocean waters (Drupp et al., 2013); and (3) At stations where benthic ecosystem calci-
fication does influence surface ocean Ar (e.g., CRIMP2), the magnitude of calcification-driven variability is
much smaller than that of net ecosystem production (Drupp et al., 2013; Shamberger et al., 2011).

In contrast, large diurnal variability in Ay has been reported at some coral reef sites (e.g., Koweek et al., 2015),
which if due to localized biology and uncorrelated with physical changes would mean that the correspond-
ing reconstructed pH is a poor estimator of true pH. However, such disagreement was not detected in our
analysis of the Sutton et al. (2019) data set.

2.3. Diurnal, Extreme Diurnal, and Seasonal Variability

Across all stations, diurnal and seasonal variability of CO, system variables were assessed, with a particular
focus on extreme diurnal variability. To standardize observed variations to similar day-night conditions, the
Coordinated Universal Time recorded at each station was converted to local time. All but one of the stations
were confined to the low and mid-latitudes (Table S2). To compute the diurnal cycle at each station, days
were excluded if any of the 3-h observations were missing. Thus between 106 and 2,688 complete diurnal
cycles were obtained at the different stations (Table S2). Within each diurnal cycle at each station, the di-
urnal peak-to-peak amplitude (daily maximum - minimum) was computed for pCO,, pH, [H*], and Qg
The distribution of the computed diurnal amplitudes was subsequently used to calculate days with extreme
diurnal variability, here defined as days where that amplitude is above the 99" percentile. The diurnal varia-
bility on those extreme days at a given station is taken as its extreme diurnal variability. The total number of
days having extreme diurnal variability ranged from 1 to 26 among stations due to differences in the length
of their observational records. Our approach to characterize extreme diurnal variability probabilistically
at the local scale is consistent with the general approach used to characterize temperature extremes (e.g.,
Frolicher et al., 2018). However, the extreme diurnal variability will differ relatively more between stations
in our case because CO, system variability is strongly influenced not only by ocean circulation and mixing
but also by the productivity of local ecosystems, a factor that varies greatly between the open and coastal
ocean, particularly near coral reefs (Drupp et al., 2013; Koweek et al., 2015; Yan et al., 2011), kelp forests
(Murie & Bourdeau, 2020), and seagrasses (Berg et al., 2019).

To compute seasonal variability, stations were included in our analysis if their time series contained at least
two complete diurnal cycles for each month of the calendar year. Thus, seasonal cycles were obtained from
22 out of the 37 stations, with seasonal amplitudes calculated from monthly mean values as the peak-to-
peak amplitude in a calendar year. Thirteen of those stations had more than one complete seasonal cycle,
which were used to construct monthly climatologies (Table S2).

2.4. Decomposing Drivers of Variability

The effects of temperature (T), salinity (S), dissolved inorganic carbon (DIC), and total alkalinity (Ar) in
driving diurnal, extreme diurnal and seasonal cycles of pCO, across the three ecosystem types were assessed
using a Taylor-series deconvolution (Takahashi et al., 1993):

apc0, ~ | L% \apic +| P92 |ap, o | P02 | a7 1 [ PCO: |pg 1)
oDIC oA, or os

where all A terms are diurnal or monthly anomalies (relative to the daily or annual mean), and the partial
differentials (sensitivities) are estimated numerically using the CO2SYS-MATLAB derivnum routine (Orr
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et al., 2018). Given that Ay is estimated from T and S, its variability reflects changes in water masses and
assumes no influence of localized biology when that is uncorrelated with physical changes. Uncertainties
in A will also affect DIC, which is computed from the pCO,-A input pair. The deconvolution was made
independently for each diurnal and seasonal cycle before averaging across multiple cycles at each station.
For the diurnal analysis, the results from those deconvolutions were then further averaged across each
station type.

3. Results
3.1. Diurnal and Extreme Diurnal Carbonate Chemistry Variability

At open-ocean stations, the mean diurnal amplitudes were 9 + 4 patm for pCO,, 0.008 + 0.003 for pH,
0.17 £ 0.07 nmol kg™* for [H*], 0.05 + 0.02 for Qarag, and 0.06 + 0.05 for S (on the practical salinity scale),
all provided as the multi-station mean =+ inter-station standard deviation (Figure 2). This limited mean di-
urnal variability was associated with low coincident variations in T (0.35 + 0.14°C) and was similar across
all open-ocean stations located in the Atlantic, Pacific, and Indian Oceans. Conversely, the corresponding
extreme diurnal variability was greater. When averaged over the days having extreme diurnal variabili-
ty, the mean diurnal amplitudes at open-ocean stations were 47 + 18 patm for pCO, 0.04 + 0.01 for pH,
0.89 + 0.33 nmol kg’1 for [H*], 0.25 + 0.11 for Qarag, 0.54 £ 0.46 for S and 1.82 + 1.10°C for T (Figure 2).
The amplitudes of these extremes in diurnal variability were comparable to the amplitudes of the average
seasonal cycles of pCO, (49 + 23 patm), pH (0.05 =+ 0.03), [H*] (0.94 + 0.49 nmol kg™"), and S (0.54 + 0.26).
On the other hand, extreme diurnal amplitudes of T and Q,,, in the open-ocean are smaller than the corre-
sponding seasonal amplitudes (5.03 + 2.7°C and 0.43 + 0.17, respectively).

Mean diurnal variability of these CO, system variables was consistently higher at coastal stations than
in the open ocean (Figure 2). Across coastal stations, the amplitude of mean diurnal variability was
36 £ 16 patm for pCO,, 0.04 = 0.02 for pH, 0.71 =+ 0.31 nmol kg’1 for [H*], 0.21 £ 0.10 for Qarag, 0.59 £ 0.49
for S, and 0.73 £ 0.17°C for T. This variability, although considerable, is enhanced greatly during days
with extreme diurnal variability, reaching amplitudes of 178 + 82 patm for pCO,, 0.21 + 0.08 for pH,
3.54 + 1.54 nmol kg’1 for [H*], 1.11 % 0.48 for Qarag, 4.65 = 2.82 for S, and 3.0 £ 0.66°C for T. These extreme
diurnal amplitudes are comparable to the seasonal amplitudes of pCO, (210 £ 76 puatm), pH (0.23 £ 0.08),
[H*] (4.19 + 1.60 nmol kg™"), and Qarag (1.17 £ 0.37). The extreme diurnal amplitude for T is lower than
the corresponding seasonal amplitude (8.12 + 4.04°C), while for S it is greater than the seasonal amplitude
(2.32 £ 1.68).

Observations from coral reefs also exhibit enhanced diurnal variability in CO, system variables rel-
ative to the open ocean, with mean diurnal amplitudes of 50 + 49 patm for pCO,, 0.04 + 0.04 for pH,
0.90 + 0.89 nmol kg™* for [H*] and 0.28 + 0.24 for Qurag (Figure 2). Also enhanced relative to the open ocean
are the diurnal amplitudes of the physical drivers: 0.20 + 0.16 for S and 0.55 + 0.24°C for T. Still further
enhanced are the amplitudes of extreme diurnal variability: 149 + 106 uatm for pCO,, 0.11 + 0.07 for pH,
2.71 + 1.91 nmol kg’l for [H*], 0.80 + 0.40 for Qarag> 2.63 = 2.82 for S, and 1.7 = 0.6°C for T. As already
seen for coastal observations, the amplitudes during days with extreme diurnal variability at coral-reef sites
were comparable to those for the observed seasonal cycles of pCO, (90 = 56 patm), pH (0.08 + 0.05), and
Qarag (0.40 £ 0.50), but lower than the seasonal amplitude of T (3.9 % 2.0°C) and higher than the seasonal
amplitude of S (1.16 + 0.64) and [H*] (1.74 = 1.04 nmol kg™"). The high inter-station standard deviation for
the variability of CO, system variables at coral reef stations when compared to that at coastal stations comes
from one coral-reef station in the Pacific (CRIMP2), which exhibited particularly high variations. Across the
other coral-reef stations, the inter-quartile range of diurnal and extreme diurnal variability of CO, system
variables was generally lower than across coastal stations (Figure 2).

3.2. Contrasting Diurnal and Seasonal Drivers of pCO,

Despite nonlinearities in the CO, system, the deconvolution generally provides a reasonably accurate re-
construction of the observed pCO, anomalies across timescales and ecosystem types (Figure 3). Across
all stations and temporal scales, the effect of salinity on diurnal and seasonal cycles of pCO, is negligible
(Figure 3).
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Figure 2. Diurnal, extreme diurnal, and seasonal cycle amplitudes of (a) pCO, (natm), (b) [H*] (total scale, nmol kg™"),
(©) Qarag» (d) pH on the total scale, (e) salinity on the practical salinity scale, and (f) temperature (°C). Each boxplot
shows the mean diurnal, extreme diurnal, and seasonal amplitudes of stations of a given type. For diurnal cycles, in the
open ocean n = 16, for coastal stations n = 11, and for coral reef stations n = 10. For seasonal cycles, in the open ocean
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At open-ocean stations, mean diurnal cycles of pCO, are dominated by changes in T and moderated some-
what by changes in DIC (Figure 3a). For the extreme diurnal variability, the DIC-driven changes become
as important as the thermal component and are responsible for the mid-day maximum (Figure 3d). For
seasonal variations in pCO,, the thermal component once again dominates at open-ocean stations, except
at equatorial stations where seasonal variations are weak (Figures 3 and S1). Typically, temperature-driven
seasonal pCO, anomalies are only partially compensated by opposing changes in DIC, a pattern that is well
established for the low latitudes, where most of our stations are located (Sarmiento & Gruber, 2019; Taka-
hashi et al., 1993, 2014).
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Figure 3. Deconvolution of the drivers of diurnal, extreme diurnal, and seasonal pCO, variability based on Equation 1. Shown across station types are the
observed diurnal, extreme diurnal, and seasonal pCO, anomalies (black dots) and the sum of the full decomposition (black lines) as well as the contributions
attributable to variations in temperature (blue), salinity (red), DIC (green), and Az (cyan). For diurnal and extreme diurnal variability, the observed anomalies
and deconvolved contributions are averaged across all stations of the same type (open ocean, coastal, and coral reef). Seasonal variability is shown for one
station of each station type (KEO station for open ocean, Cape Elizabeth station for coastal ocean, and La Parguera station for coral reef), while remaining
stations are provided in the supplementary material (Figures S1-S3).

Across coastal and coral reef stations, mean diurnal and extreme diurnal variability of pCO, is driven by
variations in DIC and attenuated slightly by coincident and opposing thermally driven changes (Figures 3b,
3c, 3e, and 3f). At coastal stations, diurnal changes in Ar enhance this thermal attenuation but remain quite
small. Seasonal variability of pCO, at coastal stations is also generally dominated by variations in DIC and
moderated by variations in temperature and Ay (Figure 3) except at Grays reef where thermally driven var-
iations dominate (Figure S2). Yet at coral reef stations, seasonal variability of pCO, is dominated by themal
variations (Figures 3 and S3).

4. Discussion and Conclusions
4.1. Processes Influencing Diurnal Variability

Changes in surface DIC can be driven by net primary production and air-sea gas exchange or by physical
processes, such as through lateral advection or vertical exchange with DIC-rich deep water via upwelling
or mixed layer entrainment and detrainment. The diurnal cycles of DIC that drive diurnal variability in
pCO; at the coastal and coral reef stations exhibit maxima around 06:00 and minima between 15:00-18:00
(Figure 3). These peaks are likely the result of net respiration throughout the night followed by light de-
pendent increases in net primary production, with similar cycles widely documented on coral reefs (Drupp
et al., 2013; Page et al., 2019; Shamberger et al., 2011) and in other productive coastal environments (e.g.,
Berget al., 2019; Hofmann et al., 2011; Murie & Bourdeau, 2020). Advection and gas exchange would not be
expected to influence diurnal DIC anomalies in the same manner and are thus presumed to be second-order
effects.

Open ocean stations exhibit pCO, maxima at noon, when waters are warmest, highlighting the different
controls on diurnal cycles compared to coral reef and coastal shelf environments. The dominant thermal
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influence and reduced role of DIC on diurnal cycles of pCO, in the open ocean is consistent with historical
observations in low productivity waters (e.g., Bates et al., 1998). Water residence times are typically lower in
the open ocean compared to the coastal ocean or coral reefs (Bourgeois et al., 2016; Liu et al., 2019), and as
such, the influence of localized primary production on seawater chemistry is generally diminished. How-
ever, the extent to which DIC and Ay influence the variability of open-ocean pCO, would likely have been
greater had more open-ocean stations been located in subpolar latitudes (Hagens & Middelburg, 2016b;
Kwiatkowski & Orr, 2018; Sarmiento & Gruber, 2019; Takahashi et al., 1993).

At a given station, extreme diurnal variability in pCO, is generally in phase with diurnal variability (Fig-
ure S4). This similarity suggests that the balance between drivers changes little even during the extreme
days. In the lower latitudes of the open ocean, extremes in variability may then be driven by conditions
that act to enhance surface heat fluxes (e.g., Bates et al., 1998) or reduce the mixed layer depth. In coastal
and coral reef environments, these extremes may result from conditions that are particularly favorable for
primary production or physical changes that increase seawater residence times (e.g., Page et al., 2019).

Yet on some days, extreme diurnal pCO, variability is not synchronous with mean diurnal pCO, variability.
This contrast is found particularly at coastal stations where there are step-changes in pCO,, characteristic of
upwelling events, which thus appear as a good candidate for the main driver of that asynchronous extreme
diurnal variability (Figures S4-S5). Although we cannot rule out that unrealistic spikes in the data may also
contribute to our analyzed extreme diurnal variability, all data are quality controlled (Sutton et al., 2019),
and we find no indication of such artificial influence.

4.2. Diurnal CO, System Variability within the Context of Climate Change

Here, we show that in the open ocean, extreme diurnal variability of pH can exceed 0.1, the magnitude of
which is comparable to the change in the mean state of the ocean during the industrial era (Orr et al., 2005).
In coastal and coral reef environments, extremes in diurnal variability are more pronounced, with daily am-
plitudes reaching 350 patm for pCO, and 0.3 for pH. Diurnal variability extremes for [H"] are also 2-4 times
larger in these environments. Extremes in diurnal variability, whose amplitudes are comparable in mag-
nitude to the change in the mean state over centuries of ocean acidification, occur across diverse marine
environments. Understanding the impact of this variability on marine organisms and how it will change in
response to increasing atmospheric CO, and climate change is needed to help assess potential changes in
marine ecosystems.

Observations from natural CO, vents (Kerrison et al., 2011; Kwiatkowski & Orr, 2018) suggest that ocean
acidification could more than double the amplitudes of diurnal variations of pCO, and [H*] by the end of
the century. Similarly, there was nearly a three-fold amplification in the diurnal amplitudes of pCO, and
[H*] in a mesocosm held at an average ocean fCO, of 675 patm relative to another held at 310 patm (Schulz
& Riebesell, 2013). Yet these vent and mesocosm studies have not been able to account for simultaneous
changes in biological processes such as net primary production and calcification, which can also result in
large diurnal variations in ocean CO, variables, being driven by climate change and other anthropogenic
influences. In contrast, large biological changes are already underway, such as the ongoing collapse of coral
reef ecosystems (Hughes et al., 2003, 2018) and the loss of kelp forests (Krumhansl et al., 2016; Wernberg
et al., 2016) and seagrasses (Waycott et al., 2009). Moreover, projections of future phytoplankton productiv-
ity are highly uncertain (Kwiatkowski et al., 2020; Taucher & Oschlies, 2011).

Current observational records remain too short to distinguish long-term trends in diurnal variability from
interannual variations (see Table S3). Hence, extending the current observational network is needed to
assess the long-term impacts of acidification and climate change on diurnal variability of the CO, system.
This study suggests that the impact of ocean acidification and climate change on diurnal variability of pCO,
will differ across open ocean, coastal, and coral reef ecosystems due to the varying importance of its drivers
(temperature, DIC, and Ar), the balance among which may change in the future. Greater understanding of
the sensitivity of different marine ecosystems to present-day diurnal variability of the CO, system is need-
ed to help constrain their vulnerabilities to future changes in those diurnal variations from both climate
change and ocean acidification.
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